We found no shared genetic pathways between renal function and inflammation. Thus, increased inflammation represents a response to declining renal function rather than being a mechanism contributing to renal deterioration.
Introduction
The renal glomerulus is a vascular tuft and as such it may be the target of various inflammatory pathways similar to the pathways that are currently believed to be involved in atherosclerosis development. It is well known that loss of renal function is accompanied by an increase in serum levels of inflammatory markers [1] [2] [3] [4] [5] , and some have suggested that enhanced inflammation may cause further renal damage [6, 7] . Both renal function and inflammation have been shown separately to be heritable [8] [9] [10] , but there has never been an analysis of their shared heritability. The demonstration of a shared genetic pathway between inflammation and renal function in a sample of predominantly healthy individuals may provide useful insight into whether inflammatory processes are pathophysiologically linked with the development of renal dysfunction, while the absence of a shared genetic pathway will suggest that inflammation is a response to declining renal function. Therefore, in this study using structural equation model (SEM) analyses we examined the hypotheses that (1) there are genetic and/or environmental factors contributing to the variation of renal function and inflammation and (2) these factors are shared between these two traits in a well-characterized group of monozygotic (MZ) and dizygotic (DZ) twin veterans of the Vietnam War.
Material and Methods

Study Population
The Emory Twin Studies (ETS) pooled twin samples recruited in two companion studies: the Twins Heart Study (THS) and the Stress and Vascular Evaluation in Twins (SAVEIT). The purpose of these studies was to elucidate the role of psychological, behavioral and biological risk factors for subclinical cardiovascular disease in twins. Both projects recruited middle-aged male MZ and DZ twin pairs from the Vietnam Era Twin (VET) Registry, one of the largest twin registries in the United States [11] . The VET Registry includes male-male MZ and DZ twin pairs born between 1939 and 1957; both siblings served on active military duty during the Vietnam era (May 1965 to August 1975). The Registry was assembled in the mid-1980s by applying an algorithm that matched same last name, different first name, same date of birth, and similar social security numbers in a Department of Defense database of approximately 5.5 million discharged servicemen. 7,369 possible twin pairs were initially identified, and military records were examined to confirm twinship. Of the 4,774 twin pairs who were eventually located and responded to an initial questionnaire, 4,648 had zygosity confirmed and were included. Registry members are representative of all twins who served in the military during the Vietnam War from a variety of sociodemographic backgrounds. Approximately one third served in Vietnam.
THS enrolled 180 twin pairs between 2002 and 2006 [12] . SAVEIT included 82 twin pairs between 2005 and 2008, and it is ongoing. Both studies followed identical procedures, measurements and protocols. Twins included in ETS were randomly selected from the VET Registry among those born between 1946 and 1956 and were free of a self-reported diagnosis of cardiovascular disease based on survey data collected in 1990, including a previous diagnosis of myocardial infarction, coronary heart disease, angina, congestive heart failure or stroke, or previous coronary angioplasty or coronary bypass surgery. However, at the time of enrolment about 10% of the patients had developed coronary artery disease. For THS, random samples of twins in two strata were selected from the Registry: one stratum included twin pairs discordant for a lifetime history of major depression; the other stratum included twin pairs with no history of depression. For SAVEIT, a random sample of twin pairs discordant for posttraumatic stress disorder was selected. All twins traveled in pairs to Emory University and were examined at the Emory University General Clinical Research Center. All data collection occurred during a 24-hour admission under controlled conditions. Both studies were approved by the Emory Institutional Review Board, and all subjects signed an informed consent.
Measurements
All measurements were performed in the morning after an overnight fast, and both twins in a pair were tested at the same time. A medical history was obtained and a physical examination was conducted for all twins. Measured weight and height were used to calculate body mass index (BMI) as weight in kilograms divided by the height in square meters. Systolic and diastolic blood pressures were measured by mercury sphygmomanometer in the right arm, after 10 min of rest with the subject in a sitting position. The average of two measurements obtained 5 min apart was used in the analyses. Hypertension was defined as a systemic pressure 1 140/90 mm Hg or currently using blood pressure-lowering medications. Cigarette smoking was classified into current versus never or past smoker. Diabetes was considered present if the patients received treatment with insulin, oral hypoglycemic drugs or had a fasting glucose 1 126 mg/dl. Glomerular filtration rate (eGFR) was estimated using a creatinine-based formula recently published by the Chronic Kidney Disease Epidemiology Collaboration group (CKD-EPI equation) [13] . Venous blood samples were drawn after an overnight fast. Plasma was rapidly separated and immediately stored in a -80 ° C freezer until laboratory analysis. Under these conditions, assay stability is excellent for inflammatory biomarkers [14] . We measured a comprehensive spectrum of biomarkers of inflammation and endothelial cell activation, including interleukin-6 (IL-6), IL-6 soluble receptor (IL-6R), C-reactive protein, tumor necrosis factor-␣ (TNF-␣ ), the TNF-␣ soluble receptor II (TNF-␣ R), matrix metalloproteinase 2 (MMP-2), matrix metalloproteinase 9 (MMP-9), P-selectin, soluble cell adhesion molecules vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1), fibrinogen and white blood cell count. IL-6, IL-6R, TNF-␣ , TNF-␣ R, VCAM-1, ICAM-1, MMP-2, MMP-9 and P-selectin were assessed using commercially available ELISA kits from R&D Systems (http://www.rndsystems.com). C-reactive protein was measured with the Beckman Coulter High Sensitivity C-Reactive Protein assay on the Synchron LX-20 analyzer (Brea, Calif., USA). White blood cell count count was measured with the Beckman Coulter LH 750 hematology analyzer (Brea, Calif., USA). Fibrinogen was measured by using the Dade Behring BCS coagulation analyzer. Serum creatinine and glucose were measured on the Beckman Coulter Synchron LX-20 chemistry analyzer. All biochemical assays for each twin pair were processed in the same analytical run.
Statistical Analyses
Initial descriptive analyses examined means and percentages of eGFR, markers of inflammation and endothelial activation, and other study variables. The generalized estimating equation model, which corrects for the correlation between co-twins, was used to assess whether there was an association between eGFR and inflammatory markers. First we performed unadjusted analyses. Then a priori specified covariates were employed for adjustment; these included age, race, BMI, current smoking, diabetes, hypertension, coronary artery disease and the following medications: aspirin, ␤ -blockers and ACE inhibitors, angiotensin receptor blockers, and statins. Because the study sample included twins with major depression and posttraumatic stress disorders, we performed further adjustment for these factors.
To improve the distribution properties of all biomarkers, data were transformed to a logarithmic scale. After transformation the distribution was normalized. Log transformation of the eGFR did not improve its distribution profile; therefore, raw eGFR data were used. A 2-tailed p ! 0.05 was considered significant. These analyses were performed using STATA 8 (StataCorp, College Station, Tex., USA).
To estimate the relative contribution of genetic and environmental influences on eGFR and inflammatory markers, SEM were constructed using the software package Mx [15] . The assumptions under twin modeling are that MZ twins share 100% of their genes whereas DZ twins share, on average, 50% of their genes. Shared environmental factors are assumed to be 100% for both MZ and DZ twins if siblings were reared together as in our sample. These factors include, for example, family socioeconomic status, childhood environment, prenatal factors (maternal nutrition, other exposures during pregnancy) or other parental factors. The unique environment is not shared between siblings for either MZ or DZ twins, and includes, for example, individual, nonshared exposures in adulthood; it also includes measurement error. Thus, a greater phenotypic similarity in MZ twins as compared with DZ twins, as indicated by a higher correlation in MZ than DZ twins, suggests a genetic influence. Model fitting is based on the comparison of the variance-covariance matrices in MZ and DZ twin pairs and allows separation of the observed phenotypic variance into additive (A) genetic components and shared (C) or unique (E) environmental components ( fig. 1 a) . To determine the most parsimonious variance components model (ACE, AE, CE or E) for each of the variables, a series of models were tested. Standard likelihood ratio tests between submodels (AE, CE and E) and full ACE model were used to assess the importance of each variance component on the fit of the model. The Akaike information criterion was used to determine the optimal fitting model, where a lower Akaike information criterion indicates a more parsimonious and thus a better fitting model. In the most parsimonious model, the ratio of additive genetic variance (A) to total phenotypic variance (A + C + E) is defined as heritability (h 2 ). The univariate SEM models were fit to estimate the heritability for eGFR and inflammatory markers before and after adjusting for covariates.
To examine the hypotheses whether there are genetic and/or environmental factors shared between eGFR and inflammatory markers, bivariate SEM models were then performed. These models fit the association between two traits. The AE Cholesky model is presented in figure 1 b. By constraining certain path coefficients to zero ( fig. 1 b) , we tested for the significance of (1) the genetic correlation between eGFR and inflammation (a21 = 0) and (2) the unique environmental correlation between eGFR and inflammation (e21 = 0). Significance of all of these models was tested by likelihood ratio tests. p ! 0.05 was considered significant.
Results
Of 524 twins (262 pairs), 9 twins were excluded for outliers of inflammatory markers (n = 4), outliers of eGFR (improbable eGFR 1 150 ml/min/1.73 m 2 ) (n = 2) and missing eGFR (n = 3). In total, 515 twins were left for analysis, including 255 pairs (152 MZ and 103 DZ pairs) and 5 unpaired twins resulting from the above exclu- . b Bivariate Cholesky SEM decomposition. A1 = Genetic factor loading on both eGFR and inflammatory marker; A2 = genetic factor loading on inflammatory markers alone; E1 = unique environmental factor loading on both eGFR and inflammatory marker; E2 = unique environmental factor loading on inflammatory markers alone; a11-a22 = genetic path coefficients; e11-e22 = unique environmental path coefficients. a21 = 0 indicates that there is no genetic correlation between eGFR and inflammatory marker, and e21 = 0 indicates that there is no unique environmental correlation. Table 1 shows the clinical and demographic characteristics of the patients enrolled in this study. Their mean age was 55 years, 131 (25%) were smokers, 54 (10%) had a history of coronary artery disease, 59 (11.5%) had diabetes mellitus and 253 (49%) had hypertension; the prevalence of cardiovascular risk factors was not different between MZ and DZ twins (data not shown). The mean eGFR was 89 ml/min/1.73 m 2 (range 35-146 ml/ min/1.73 m 2 ). Table 2 shows the mean serum values of several markers of inflammation and endothelial function. Again, there was no significant difference in serum levels of various markers between MZ and DZ twins (data not shown). Table 3 shows the heritability of markers of inflammation and endothelial activation and eGFR. Data are shown prior to and after adjustment for age, BMI, diabetes mellitus, hypertension, prior coronary artery disease, treatment with aspirin, ␤ -blockers, statins, ACE inhibitors and angiotensin receptor blockers and, additionally, for major depressive disorders and posttraumatic stress disorder. As shown, eGFR in our patients was equally dependent upon genetic heritability (a 2 ) and environmental influences (e 2 ). While IL-6R and P-selectin appeared to be highly heritable (68 and 76%, respectively), ICAM and TNF-␣ R were moderately heritable (51% each) after adjustment. Table 4 shows the association between eGFR and soluble markers of inflammation and endothelial function. Interestingly, while IL-6R and TNF-␣ R showed a significant inverse correlation with eGFR, ICAM and P-selectin showed a positive association with eGFR, although the association was only marginally significant for P-selectin (p = 0.06).
The results of bivariate SEM demonstrated that the majority of the association between eGFR and biomarkers was due to unique environmental factors. There were weak albeit significant environmental correlations of eGFR with IL-6R (e R = -0.21, p = 0.038), TNF-␣ R (e R = -0.40, p ! 0.001), and P-selectin (e R = 0.15, p = 0.051). However, there were no significant genetic correlations between eGFR and inflammatory markers (IL-6R: g R = -0.11, p = 0.33; TNF-␣ R: g R = -0.05, p = 0.65; P-selectin: g R = 0.07, p = 0.42; ICAM: g R = 0.16, p = 0.12). Adjustment for covariates did not change these results (data not shown).
Discussion
In this study we described the heritability of renal function, estimated via a novel eGFR formula, as well as that of markers of inflammation and endothelial activation in male twins. We also examined for the first time whether the association between renal function and inflammation is due to shared genetic pathways. A classic twin study is considered the more definitive way to assess the relative effect of genetic factors and environment on Data presented as numbers (%), unless indicated otherwise. A CE-I/ARB = Angiotensin-converting enzyme inhibitor/angiotensin receptor blocker. C RP = C-reactive protein; WBC = white blood cell count.
Renal Function and Inflammation
Am J Nephrol 2010;32:317-323 321 traits and diseases, since it allows to control for genetic effects as well as common environment [16] .
To date the heritability of eGFR has been described in one female twin study and a few sibling and community studies, at times with conflicting results. The heritability of renal function described in our study ( ϳ 50%) is similar to that previously described by Hunter et al. [9] in female twins and Fava et al. [8] in 249 siblings. Bathum et al. [17] , on the other hand, failed to demonstrated heritability of serum creatinine in Danish elderly male twins, while they demonstrated a 44% heritability of the same trait in females. Finally, Fox et al. [18] reported a 33% heritability of eGFR in 1,224 Framingham Heart Study subjects, while Langefeld et al. [19] described a surprising 75% heritability of eGFR in 662 patients (422 siblings) with diabetes mellitus type 2.
Finding a heritable trait is a step toward the discovery of biological pathways that may potentially influence or prevent the development of deadly diseases such as renal failure. In this respect, inflammation has been suggested as an important pathway leading to onset and progression of renal disease. An increase in soluble markers of inflammation and endothelial activation in patients with moderate to severe renal dysfunction (eGFR ! 60 ml/min/ b Additionally adjusted for major depressive disorder and posttraumatic stress disorders. ) has been reported in several prior publications [1] [2] [3] [4] [5] , although Muntner et al. [20] and Shlipak et al. [1] failed to show an increase in these markers when the eGFR is above 1 60 ml/min/1.73 m 2 . It is interesting to note that an elevation of soluble markers of inflammation has been linked with progression of renal dysfunction [6, 7] and greater mortality [21, 22] in patients with chronic kidney disease but that an increase in several biomarkers with declining eGFR was often not associated with an increase in ICAM [1, 2, 4] . Furthermore, in one report ICAM was elevated in chronic kidney disease patients only in the presence of prior cardiovascular disease [21] . These observations are in line with our findings of an inverse association of eGFR with IL-6R and TNF-␣ R levels and a positive association of eGFR with ICAM levels. There are 2 potential reasons for this apparently paradoxical finding. Hauser et al. [23] showed that PECAM and ICAM are highly expressed in the renal vasculature and as glomerular disease progresses their production diminishes. Additionally, these cell adhesion molecules could be taken up at the vasculature level as active inflammatory reactions develop with a resultant decrease in serum levels, rather than an increase, as renal function deteriorates.
Our study suggests the absence of a genetic link between inflammation and renal function. The lack of a common genetic pathway between inflammatory mediators and renal function suggests that the increase in inflammatory mediators as renal failure develops is a response to deteriorating renal function, rather than being implicated in the pathogenesis of renal dysfunction. Because we found significant, albeit weak, environmental correlations between eGFR and inflammatory biomarkers, the association between inflammation and renal dysfunction can be due, in part, to shared environmental risk factors between these two conditions.
There were several limitations to this study. First, our sample was derived from a twin registry of military veterans, where the members may have had different environmental exposures compared to other similarly aged individuals. Second, our analyses included only men, thus one should be cautious to extend our results to women. The study design was cross-sectional; for twin studies to be fully informative they should optimally be longitudinal and should have started in early years of life to clearly separate environmental and genetic influences on the outcome of interest. However, such a lifetime twin cohort does not exist in the United States. Finally, only a limited number of patients in this study had advanced renal failure. Nonetheless, our goal was to study the shared heritability of renal function, not renal failure , and inflammation in a population sample, and there was a sufficient spread of eGFR values to make our analyses meaningful. Additionally, preclinical outcome measures, also called intermediate phenotypes, are genetically closer to the pathogenic genotype than the clinical phenotype itself, and are therefore preferred for genetic analyses [24] .
In summary, in this twin study IL-6R and P-selectin were highly heritable while renal function, ICAM and TNF-␣ R were moderately heritable. No common genetic pathway could be detected between renal function and markers of inflammation. These results suggest that increased inflammation is a response to declining renal function rather than a mechanism underlying renal deterioration. Consequently, much of the inflammatory response can be prevented by preventing renal disease. Part of the association between renal dysfunction and inflammation may also be due to shared environmental risk factors between these two processes. These data may be useful in planning preventive strategies to retard or prevent systemic inflammation related to declining renal function.
